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the elbow behaviour is not same under opening and closing bending moments. Location and orientation of 
crack are also important. In view of the above, elbows are very complex to analyse. 
Detailed experimental studies were carried out on fours numbers of 168 mm OD elbows made of SA403 
Type 304L(N) stainless steel [2]. The objective was to determine the number of cycles for crack initiation and 
through-wall crack under cyclic loading.  
2. Details of elbow specimens 
The chemical and mechanical properties of SA403 Type 304L(N) stainless steel are given in Table 1. 
Details of the elbows are given in Table 2. The test specimens consisted of the main elbow portion with straight 
pipes of the same material and end flanges which were welded at its ends. The elbows had machined part-
through notch on the outer surface. Details of notch are given in Table 2. The ratio of notch depth to thickness 
(a/t) varied from 0.20 to 0.28. The crack aspect ratio (2C/a) varied from 1.5 to 3.13. The notch angle varied 
from 1.58° to 4.09°. 
Table 1. Chemical composition and mechanical properties of SA403 Type 304L(N) stainless steel [3]. 
Element C Mn P S Si Ni Cr N2 
% , max 0.03 2.0 0.045 0.03 1.0 8.0-12.0 18.0-20.0 0.10-0.16 
Yield strength (min.) = 205 MPa; Tensile strength (min.) = 515 MPa 
Elongation (min.) : 28 % in longitudinal direction; 20% in transverse direction 
Table 2. Details of notch in elbows. 
Specimen ID 
Thickness 
t (mm) 
Notch type 
Notch dimensions 
Bending mode A 
(mm) 
2C 
(mm) 
R’ 
(mm) 
W 
(mm) 
2ș 
(°) 
SSE6-1 14.7 AC 4.0 12.5 0.1 2.0 - closing 
SSE6-2 14.7 AC 3.5 6.0 0.1 2.0 - closing 
SSE6-3 14.4 CE 4.0 6.0 0.1 2.0 4.09 closing 
SSE6-4 14.7 CI 3.0 6.0 0.1 2.0 4.09 opening 
AC = axial at crown; CE = circumferential at extrados; CI = circumferential at intrados 
a = notch depth; 2C = notch length; R’ = tip radius; W = notch width; 2ș = notch angle 
For all the elbows : outer diameter = 168 mm; bend radius = 218 mm 
3. Fatigue studies on elbows 
Fatigue studies were carried out at room temperature and air environment under either displacement or load 
control mode using sinusoidal waveform loading. The tests were conducted under in-plane bending in the 
vertical position as shown in Fig.1. The flanged ends of the elbow specimens were connected rigidly to fixtures 
at top and bottom. The top fixture was connected to the actuator system by pin connection. The bottom fixture 
was connected to another rigid fixture by pin connection. This rigid fixture was in turn connected to the strong 
floor of the laboratory. This arrangement facilitated application of vertical force on the elbow. The elbow with 
notch at intrados was tested under opening moment. The elbows with notch at extrados or crown were tested 
under closing moment.  
In the elbows tested under displacement control, the maximum displacement was kept equal to that 
displacement value corresponding to twice the yield strain of the material. In the elbow tested under load 
control, the maximum load was kept equal to that load value corresponding to twice the yield strain of the 
material. Cyclic loading was applied using a servo-controlled actuator system. The frequency of loading varied 
from 0.05 to 0.4 Hz. During the fatigue tests, crack initiation and growth were monitored using Alternate 
Current Potential Drop (ACPD) technique and Ultrasonic Technique (UT). Load vs. vertical displacement 
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Fig. 2. Fatigue crack growth curves : (a) (left) crack depth vs number of cycles at notch centre (b) (right) surface crack length vs number of 
cycles. 
5. Conclusions 
Fatigue crack growth studies were carried out on four numbers of 168 mm OD stainless steel elbows under 
in-plane bending, three under closing moment and one under opening moment. The frequency of loading varied 
from 0.05 to 0.4 Hz. Crack initiation and growth were monitored using ultrasonic and ACPD techniques. Based 
on the studies, the following conclusions are made: 
• Among the four elbows tested, two elbows with axial notch at crown location have shown less fatigue life 
compared to that of one elbow with circumferential notch at extrados and one elbow with circumferential 
notch at intrados. In other words, elbows with axial notch at crown location are more vulnerable from 
fatigue point of view. 
• Multiple cracks were observed at both the crown positions in the elbow with circumferential notch at 
extrados tested under closing moment. Even though the notch is located at extrados, crack initiation and 
growth were observed at both the crown points. The crack growth reached through-wall at one crown point. 
• Multiple cracks were also observed in the elbow with circumferential notch at intrados location tested under 
opening moment, after the elbow developed through-wall crack. 
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